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Abstract—Due to their sparsity, 60GHz channels are character-
ized by a few dominant paths. Knowing the angular information
of their dominant paths, we can develop various applications,
such as the prediction of link performance and the tracking of an
802.11ad device. Although they are equipped with phased arrays,
the angular inference for 802.11ad devices is still challenging
due to their limited number of RF chains and limited phase
control capabilities. Considering the beam sweeping operation
and the high communication bandwidth of 802.11ad devices, we
propose variation-based angle estimation (VAE), called VAE-CIR,
by utilizing beam-specific channel impulse responses (CIRs)
measured under different beams and the directional gains of
the corresponding beams to infer the angular information of
dominant paths. Unlike state-of-the-arts, VAE-CIR exploits the
variations between different beam-specific CIRs, instead of their
absolute values, for angular inference. To evaluate the perfor-
mance of VAE-CIR, we generate the beam-specific CIRs by
simulating the beam sweeping of 802.11ad devices with the beam
patterns measured on off-the-shelf 802.11ad devices. The 60GHz
channel is generated via a ray-tracing simulator and the CIRs
are extracted via channel estimation based on Golay sequences.
Through experiments in various scenarios, we demonstrate the
effectiveness of VAE-CIR and its superiority to existing angular
inference schemes for 802.11ad devices.
I. INTRODUCTION
The completion of the 802.11ad standard and its device
commercialization have led to various research efforts to either
improve the communication performance of 60GHz devices,
such as link performance prediction, access point (AP) deploy-
ment, and seamless indoor multi-Gbps wireless connectivity,
or develop novel applications with these devices, such as single
AP decimeter-level localization [1]–[5]. All these applications
usually rely on the length and angular information of strong
signal (or dominant) paths in the sparse 60GHz channel.
Since this path information is often unavailable, we must be
able to effectively infer such information for which angular
information serves as the starting point.
As demonstrated in various studies, the starting point for
inferring path information is the collection of angular infor-
mation — such as angles of departure (AODs) and angles of
arrival (AOAs) — of dominant paths [1]–[5]. Unfortunately,
inferring angular information is not easy for 802.11ad devices.
On the one hand, for cost reasons, phased arrays on off-
the-shelf 802.11ad devices only support 2 to 4-bit phase
control [6]. Due to this limited phase control capability, the
generated beams can have multiple strong side lobes, thus
making it difficult for 802.11ad devices to directly learn
angular information from the adopted beams. On the other
hand, due to the limited number of RF chains, existing
direction estimation schemes are not applicable to off-the-
shelf 802.11ad devices. As reported in [1], 802.11ad devices
adopt analog phased arrays and the signals received at different
antenna elements are mixed at the output of the RF chain.
Since most existing direction estimation schemes require the
signal received at each antenna element to be known, they
are not applicable to millimeter wave (mmWave) devices with
analog phased arrays. Although there have been a few direction
estimation schemes proposed for antenna arrays with a hybrid
beamforming architecture, they cannot be directly integrated
into 802.11ad devices which are equipped with a single RF
chain.
Considering this fact, several direction estimation schemes
have recently been proposed for 802.11ad devices based on a
single RF chain and analog arrays. Wei et al. [1] exploited the
orthogonality within the codebook to map the output of the RF
chain to the signals received at different antenna elements and
used the MUSIC algorithm to estimate the AOAs of different
paths. In their scheme, the device receives the incoming
signal using different weight vectors (i.e., beam patterns) and
isolates the signal received at each antenna element through a
matrix inversion. As pointed out in [5], to make this scheme
effective, we should ensure that exactly the same signal is
sampled by all of the adopted beam patterns, thus limiting its
applicability. Furthermore, the placement and enclosures of the
phased array antenna might affect its radiation pattern, making
the relationship between weight vectors and directional gains
invalid, and thus adversely impacting the performance of
the AOA estimation schemes based on weight vectors [7].
So, most existing direction estimation schemes for 802.11ad
devices exploit the correlation between wireless measurements
made under different beams and the directional gains of
the corresponding beams for angular inference [4], [5], [8].
Steinmetzer et al. [8] proposed a direction estimation scheme
based on received signal strength (RSS) to infer the AOA of a
dominant path. In that scheme, multiple RSS measurements
are made using different beams, and the estimated AOA
is the direction that provides the best match between the
directional gains and the RSS measurements. Although its
effectiveness has been demonstrated in a specific environment,
the experimental results in [5] show this RSS-based scheme to
be highly inaccurate in a different environment due to irregular
beam patterns and multipath propagation. In this case, the RSS
not only depends on the path of interest but also is affected
by the signals received from other paths.
This observation motivates two recent direction estimation
schemes which exploit the measured channel impulse response
(CIR), instead of the RSS, for angular inference [4], [5].
According to [9], each 802.11ad frame begins with a short
training field (STF) and a channel estimation (CE) field, which
allow 802.11ad devices to acquire the corresponding CIR.
Additionally, since the 802.11ad frames are delivered over a
spectrum of ≥ 1760MHz bandwidth, two path components
are resolvable for 802.11ad devices as long as their arrival
times have a 0.57ns difference. In other words, two paths are
resolvable as long as their lengths have a 0.17m difference.
Given the sparsity of mmWave channels, it is very likely that
each dominant component in the CIR corresponds to one of the
dominant propagation paths between the transmitter and the
receiver. Thus, each dominant CIR component is very likely
to be completely determined by a dominant path. In view of
this, Ghasempour et al. [4] and Pefkianakis et al. [5] propose
two direction estimation schemes for 802.11ad devices, which
exploits beam-specific CIRs measured under different beam
patterns during, for example, beam sweeping to gradually
narrow down the potential AOAs/AODs. In both of these
two schemes, CIR components are first mapped to dominant
paths through their time of arrival. Then, the corresponding
CIR components measured under different beams are used
to gradually refine the AOA/AOD estimates of the paths of
interest. For each dominant path, the scheme in [4] maintains
a score for each direction with initial value 0. Once a new
CIR measurement comes in, the score of each direction is
updated depending on whether the desired CIR component is
received or not, as well as the directional gain of the adopted
beam pattern. When the measurement process completes, the
direction with the highest score will be considered as the AOA
of the corresponding path. The authors of [5] adopted a similar
procedure to estimate the AOD of the line-of-sight (LOS) path
by utilizing the CIR feedback from the receiver. To improve
the accuracy of AOD estimation further, they selected a few
CIR measurements with the strongest LOS components for
AOD estimation and weighted the contribution of each CIR
measurement with the amplitude of its LOS component. They
then chose the estimated AOA to be the center of the direction
interval spanned by a few directions with the highest scores.
Despite the differences, both of these schemes rely on a hidden
assumption that, if a CIR component is received under a beam,
the angle of the corresponding path is more likely to be along
the direction with a higher directional gain. As a result, once
the desired CIR component is measured under a beam, they
always assign the highest score increase to the direction with
the highest directional gain. However, the reception of a CIR
component only implies that the directional gain along the
AOA/AOD of the corresponding path is higher than a certain
threshold, rather than that the AOA/AOD of this path is along
the direction with the highest gain. Blindly assigning higher
score increments to the directions with higher directional gains
might lead to large estimation errors.
As seen from the above discussions, despite the various an-
gle estimation schemes proposed thus far, accurate AOA/AOD
estimation for 802.11ad devices is still lacking. The goal of
this paper is to address this need by developing a variation-
based angle estimation (VAE), called VAE-CIR. Like [4],
[5], for each path of interest, VAE-CIR maintains the score
for each direction and utilizes the beam-specific CIR mea-
surements under different beam patterns to update the score.
Unlike existing schemes where the CIR measured under each
beam is used independently to update the score, VAE-CIR
updates the score based on the variations in the corresponding
CIR component under different beams. Specifically, for the
considered path, VAE-CIR updates the score for each direc-
tion based on the variations between every two CIRs measured
using different beams, and the direction where the variation in
directional gain better matches that in the CIR will be assigned
a higher score increase. In other words, VAE-CIR picks the
direction in which the variations of directional gain best match
the variations in the CIR component as the estimated angle for
the path of interest. The rationale behind VAE-CIR is that,
during measurement processes like beam sweeping, different
beams encounter the same set of signal paths and the variations
in CIR measurements are the results of the variations in
directional gain along the AOA/AOD of each path. This paper
makes the following contributions.
• Study of the angular inference for 802.11ad devices based
on wireless measurements. Unlike prior work, we propose
to not directly utilize each CIR component but employ
its variations under different beams to infer the angle of
each path.
• Design of VAE-CIR which exploits the variations in
every two CIR measurements to infer the AOA/AOD of
dominant paths. For a specific path, VAE-CIR exploits
the variations in its corresponding CIR component be-
tween every two measurements to update the score as-
signed to different directions and the inferred AOA/AOD
is the direction with the highest final score. VAE-CIR
allows us to flexibly weight the contribution of every
two CIR measurements to the score. For example, a
lower weight can be assigned when the amplitude of the
interested CIR component is below a certain threshold
in at least one of the two CIR measurements since the
accuracy of the CIR measurements is more prone to noise
in this case.
• Extensive simulation to evaluate effectiveness of
VAE-CIR. We generate the transmit signals and
implement the channel estimation based on Golay
sequences for CIR extraction by following the IEEE
802.11ad standard. Using the beam pattern measured
on the off-the-shelf 802.11ad devices and the channel
model approved by IEEE 802.11 Task Group ad, we
demonstrate the superiority of VAE-CIR to state-of-the-
arts.
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Fig. 1. The structure of a typical 802.11ad PPDU.
II. BEAM-SPECIFIC CIR AND CHANNEL ESTIMATION
A. Beam-Specific CIR
To compensate high path loss and facilitate high speed trans-
missions, mmWave communication devices exploit phased
arrays and beamforming to concentrate energy in the desired
directions. Due to the constraints on hardware implementation,
802.11ad devices adopt an analog beamforming architecture
where each antenna is connected with a phase shifter and
beamforming is performed in the analog domain with these
phase shifters. This analog beamforming architecture cannot
simultaneously support more than one beam, and can steer
the beam to different directions by controlling the amount
of phase shift of each phase shifter [10]. Due to the use of
beamforming, the CIR observed at the receiver depends on
both the underlying signal paths and the radiation pattern of the
adopted beam. Denoting the equivalent lowpass representation
of the continuous-time CIR as h(t) [11], we have
h (t) =
K∑
k=1
αkGm (ϑk)Gl (θk) δ (t− τk), (1)
where K is the total number of underlying signal paths, αk
and and τk are the complex path gain and the delay of the
k-th path, respectively. ϑk is the AOD of the k-th path at
the transmitter and Gm (ϑk) is the beamforming gain along
the spatial direction ϑk when the transmitter uses its m-th
beam for transmissions. θk is the AOA of the k-th path at the
receiver and Gl (θk) is the beamforming gain along direction
θk when the receiver employs its l-th beam for reception. Each
summand in Eq. (1) corresponds to a CIR component. Let
hk be the k-th CIR component and hk (l) be the k-th CIR
component measured using the l-th receiving beam. When the
underlying signal path remains the same, the amplitude of each
CIR component, |hk|, will track the changes of directional
gains. For example, if the receiver switches to the (l + 1)-th
beam, we have |hk| = |hk (l + 1)| = |αkGm (ϑk)Gl+1 (θk)|
and |hk (l + 1)|/|hk (l)| = |Gl+1 (θk)|/|Gl (θk)|. In other
words, the variations in the directional gain along the AOA
θk of a path matches the variations in the amplitude of its
corresponding CIR component hk. This observation motivates
VAE-CIR which we introduce in the next section.
B. Channel Estimation in 802.11ad
According to the IEEE 802.11ad standard, each physical
layer convergence procedure protocol data unit (PPDU) con-
tains a CE field right next to the STF. 802.11ad physical
layer (PHY) supports three modulation methods — control
modulation, single carrier (SC) modulation and OFDM mod-
ulation — which share a common preamble structure [9]. The
structure of a typical 802.11ad PPDU is shown in Fig. 1,
where Gau256[n], Gbu256[n], Gav256[n], Gbv256[n] are Golay
sequences of length 256. Ga128(n) and Gb128(n) are two
Golay sequences of length 128 defined in subclause 21.11
of the 802.11ad standard. Gau256(n) and Gbu256(n) are
complementary sequences with the following property:
Ra [i] +Rb [i] =
{
512 i = 0
0 −255 ≤ i ≤ 255, i 6= 0 , (2)
where Ra [i] and Rb [i] are autocorrelation of Gau256 [n] and
Gbu256 [n], defined as
Ra [i] = (Gau256 ⋆ Gau256) [i]
=
min{255+i,255}∑
n=max{0,i}
Gau256 [n]Gau256 [n− i],
− 255 ≤ i ≤ 255,
Rb [i] = (Gbu256 ⋆ Gbu256) [i]
=
min{255+i,255}∑
n=max{0,i}
Gbu256 [n]Gbu256 [n− i],
− 255 ≤ i ≤ 255, (3)
where ⋆ is the correlation operator. Similarly, Gav256(n)
and Gbv256(n) are complementary sequences. Ga128(n) and
Gb128(n) are complementary sequences. These two pairs
of complementary sequences also have the autocorrelation
property in Eq. (2), and this property of Golay sequences
is exploited in 802.11ad for channel estimation [12], [13].
Clearly from Fig. 1, both the STF and CE field are built
up from Golay sequences. Each STF ends with −Ga128(n),
and each CE field ends with −Gb128(n), which facilitates the
creation of a length-127 zero-correlation zones as discussed
below [14]. It should be noted that the CE field shown in
Fig. 1 is the CE field for control PHY and SC PHY. OFDM
PHY adopts a similar CE field where Gv512[n] is transmitted
before Gu512[n]. The STF and CE fields are modulated
prior to transmission using π/2-BPSK. We use G˜au256 [n]
and G˜bu256 [n] to denote Gau256 [n] and Gbu256 [n] after
constellation mapping. It can be easily shown that G˜au256 [n]
and G˜bu256 [n] also have the autocorrelation property shown
in Eq. (2).
Let s(t) be the transmitted preamble before upconversion.
Then, we have
s (t) =
1279∑
n=0
s [n] (g ∗ hT ) (t− nTc), (4)
where s [n] is a sequence obtained by sequentially concatenat-
ing −G˜a128, G˜u512, G˜v512, and −G˜b128, hT (t) represents the
transmit shaping filter, and Tc is the chip time. Tc = 0.57ns
for control and SC PHY. g (t) = u (t) − u (t− Tc), where
u (t) is the unit step function defined in [15]. ∗ in Eq. (4)
represents the operation of convolution. It should be noted
that, for ease of presentation, we only consider the part of
the preamble related to channel estimation in Eq. (4). Then,
the received signal after going through the wireless channel,
downcoversion, and the anti-aliasing filter is
r (t) =
K∑
k=1
hk (s ∗ hR) (t− τk) + z (t) , (5)
where hk is the kth CIR component defined in the last
subsection, hR (t) is the impulse response of the anti-aliasing
filter at the receiver, and z (t) is the additive noise. Suppose
(hT ∗ hR) (t) has a flat frequency response with magnitude 1
in the band of interest, the received signal sampled at a rate
of 1/Tc is
r (nTc) =
K∑
k=1
hk
1279∑
j=0
s [j] g (nTc − τk − jTc) + z (nTc) .
(6)
Let r [n] = r (nTc) and z [n] = z (nTc), we have
r [n] =
K∑
k=1
hks [n− ⌈τk/Tc⌉] + z [n] , (7)
where ⌈.⌉ is the ceiling function. To obtain the estimated CIR,
r [n] is first correlated with G˜au256, G˜bu256, G˜av256, and
G˜bv256. Specifically, we have(
r ⋆ G˜au256
)
[i] =
K∑
k=1
hk
(
s ⋆ G˜au256
)
[i− ⌈τk/Tc⌉]
+
(
z ⋆ G˜au256
)
[i] , (8)
where(
s ⋆ G˜au256
)
[i]
=


min{ℓs−i,255}∑
n=max{−i,0}
s [n] G˜au256 [n− i] −255 ≤ i ≤ ℓs
0 o.w.
.
(9)
Similar results can be obtained for G˜bu256, G˜av256, and
G˜bv256.
As shown in Fig. 2,
(
r ⋆ G˜au256
)
[i] is then combined
with
(
r ⋆ G˜bu256
)
[i],
(
r ⋆ G˜av256
)
[i], and
(
r ⋆ G˜bv256
)
[i]
to obtain the estimated CIR. By adding
(
r ⋆ G˜au256
)
[i] and(
r ⋆ G˜bu256
)
[i+ 256], we have
Rru [i] =
K∑
k=1
hkRsu [i− ⌈τk/Tc⌉] + z˜ [i] , (10)
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Fig. 2. Golay sequence based estimation for the k-th CIR component.
z256 is the delay operator.
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Fig. 3. The value of |Rsu [i]|. We have ip = 128 since G˜au256
starts at the 128th element of s. A length-127 zero correlation zone
can be clearly seen before and after the index of 128.
where z˜ [i] is the noise after correlation operation and
Rru [i] =
(
r ⋆ G˜au256
)
[i] +
(
r ⋆ G˜bu256
)
[i+ 256] ,
Rsu [i] =
(
s ⋆ G˜au256
)
[i] +
(
s ⋆ G˜bu256
)
[i+ 256] . (11)
Clearly from Eq. (10), the value of Rru [i] is closely related
to that of Rsu [i]. Let Rsau [i] =
(
s ⋆ G˜au256
)
[i], and
Rsbu [i] =
(
s ⋆ G˜bu256
)
[i]. By exploiting the property of
Golay sequences shown in Eq. (2), we have
|Rsu [i]| = |Rsau [i] + Rsbu [i+ 256]|
=
{
512 i = 128
0 0 ≤ i ≤ 255, i 6= 128 , (12)
From Eq. (12), |Rsu [i]| has a peak at the index ip = 128 where
G˜au256 aligns with G˜au256 in s, and there is a length-127
zero-correlation zone before and after the peak. This matches
the result in Fig. 3 well.
Noting that Rsu [i− ⌈τk/Tc⌉] is a shifted version of Rsu [i],
|Rsu [i− ⌈τk/Tc⌉]| has a peak at location ip (k) = ip +
⌈τk/Tc⌉. Without of loss generality, let us assume ⌈τk′/Tc⌉ 6=
⌈τk/Tc⌉ if k′ 6= k and |τK − τ1| ≤ 128Tc. Then, if the
noise is neglected, we get |Rru [ip + ⌈τk/Tc⌉]| = 512 |hk|.
In other words, we can recover the k-th CIR component by
extracting the ip + ⌈τk/Tc⌉th element in Rru [i] through ĥuk =
Rru [ip + ⌈τk/Tc⌉]/512, where ĥuk represents the estimate
of the k-th CIR component. Following the same procedure,
we can obtain another estimate of the k-th CIR component,
denoted as ĥvk, by correlating r [n] with G˜av256 and G˜bv256.
To reduce the impact of noise, we average ĥuk and ĥ
v
k to
obtain the final estimate for the k-th CIR component as
ĥk =
(
ĥuk + ĥ
v
k
)/
2.
For ease of presentation, we assume the signal is transmitted
with unit power in the above discussion. The effect of actual
transmit power Pt can be easily incorporated by scaling
hk with a factor of
√
Pt. In practice, the quality of the
estimated CIR component ĥk is affected by noise and other
non-resolvable CIR components with respect to the k-th CIR
component, which could, in turn, affect the performance of
VAE-CIR. As mentioned in [16], the channel at 60GHz is
inherently sparse with a few dominant paths. Thanks to the
high transmission bandwidth, two CIR components can be
resolved as long as the difference in their time of arrival is
larger than 0.57ns. Thus, the impact of non-resovlable CIR
components on ĥk is expected to be limited if it corresponds
to a dominant path. In Section IV, we will discuss how
noise affects the performance of VAE-CIR and show that
non-resolvable CIR components have only limited effect on
VAE-CIR.
III. DESIGN OF VAE-CIR
VAE-CIR addresses the problem of estimating the
AOA/AOD of a specific dominant path, given a set of beam-
specific CIR measurements. How to identify the dominant
paths of a channel is out of the scope of VAE-CIR. As
mentioned in [4], [5], the dominant paths of a channel can
be identified by detecting and aggregating the peaks in the
given set of beam-specific CIR measurements. Without loss
of generality, we assume K dominant paths, indexed as
{1, · · · ,K}, are identified from the given set of beam-specific
CIR measurements, and we are interested in the angular
information of the κ-th (κ ∈ {1, · · · ,K}) dominant path. For
simplicity, we call the CIR component corresponding to the
κ-th dominant path as the κ-th dominant CIR component.
As mentioned before, VAE-CIR exploits the CIR measured
under different beams to infer the AOAs/AODs of dominant
paths. These CIR measurements can be collected using, for
example, sector sweep (SSW) frames during the sector-level
sweep phase or a specific beam-sweeping process [3]–[5]. In
general, the beam-sweeping is carried out in one or multiple
stages. During each stage, one party fixes its beam pattern and
the other party sweeps through different beams. For ease of
presentation, we focus on AOA estimation in the following
development and thus are interested in the case where the
transmitter fixes its beam and the receiver receives the beam
training frames, such as the SSW frames, with different beams.
By following the procedure in [5], VAE-CIR presented in
this section can also be applied in AOD inference using
the transmitter-side beam sweeping. Suppose the receiver can
sweep through a maximum of L beams, and thus we have
the CIRs measured under L different beams. Let hκ (l) be the
value of the κ-th dominant CIR component when the l-th beam
is used for reception. As shown in [4], [5], the estimate of
hκ (l), denoted as ĥκ (l), can be extracted from the estimated
CIR under the l-th receiving beam based on the time of arrival
of the κ-th dominant path.
Let θκ be the AOA of the κ-th dominant path. To infer θκ
from ĥκ (l)’s, we need to draw a quantity from ĥκ (l)’s so
that it is determined solely by θκ. Clearly from Eq. (1), it is
difficult to directly infer θκ from the amplitudes of hκ (l)’s
since they are also affected by many other factors, such as the
path gain and the directional gain of the transmit beam. Notice
that, when the transmit power and transmit beam pattern are
fixed, hκ (l)’s satisfy:
|hκ (l1)|/|hκ (l2)| = |Gl1 (θκ)|/|Gl2 (θκ)|. (13)
In other words, when the l1-th and the l2-th beams are used
for reception, the ratio of |hκ (l1)| to |hκ (l2)| is completely
determined by θκ. This observation leads us to use the ratio
between
∣∣∣ĥκ (l)∣∣∣’s, instead of their absolute values, for AOA
estimation.
Due to the very irregular beam pattern of 802.11ad devices,
it is challenging to analytically derive the inverse function of
|Gl1 (θκ)|/|Gl2 (θκ)| for AOA estimation. In view of Eq. (13),
we address this challenge by searching for the direction which
minimizes the difference between the left-hand and right-hand
sides of Eq. (13). Specifically, given ĥκ (l1) and ĥκ (l2), we
have
θ̂κ = argmin
θ∈Θ
∣∣∣∣∣∣
∣∣∣ĥκ (l1)∣∣∣∣∣∣ĥκ (l2)∣∣∣ −
|Gl1 (θ)|
|Gl2 (θ)|
∣∣∣∣∣∣ , (14)
where θ̂κ is the estimated AOA of the κth dominant path, and
Θ represents the search space. When new CIR measurements
are available, we can combine them with ĥκ (l1) and ĥκ (l2)
to refine our estimation, which leads to VAE-CIR.
To infer the AOA of the κ-th path, VAE-CIR maintains
a score for each direction. VAE-CIR does not assume the
order in which ĥκ (1), · · · , ĥκ (L) are used for updating the
score, but, in this section, we assume they are sequentially used
for score updating for ease of presentation. Let sℓκ (θ) be the
score assigned to each direction based on ĥκ (1), · · · , ĥκ (ℓ).
Observing that the score is updated based on the variation
between different CIR measurements, we have s1κ (θ) = 0,
∀θ ∈ Θ. For ℓ ≥ 2, sℓκ (θ) can be obtained from sℓ−1κ (θ)
using ĥκ (ℓ) as
sℓκ (θ)
=


sℓ−1κ (θ) +
∑
l∈L


α (ℓ, l, κ, θ)×∣∣∣∣ |ĥκ(ℓ)||ĥκ(l)| − |Gℓ(θκ)||Gl(θκ)|
∣∣∣∣

 L 6= ∅, ℓ /∈ L
sκ (θ) otherwise
,
(15)
where L is the set of receiving beams used in the previous
CIR measurement, and ∅ is an empty set. Initially, we have
L = {1}. α (ℓ, l, κ, θ)’s are weight factors which allows us to
Algorithm 1 : VAE-CIR
Input: ĥκ (l), l ∈ {1, · · · , L}, Gl (θ), l ∈ {1, · · · , L}, θ ∈ Θ,
Θ, ~
Output: θ̂κ
1: s1κ (θ) = 0, ∀θ ∈ Θ, L = {1}
2: for ℓ=2 to L do
3: for l ∈ L do
4: Determine α (ℓ, l, κ, θ) based on ĥκ (ℓ), ĥκ (l), and
other information (e.g., ~ in this paper)
5: end for
6: ∀θ ∈ Θ, update sℓ−1κ (θ) to sℓκ (θ) according to Eq. (15)
7: L = L ∪ {ℓ}
8: end for
9: θ̂κ = argmin
θ∈Θ
sLκ (θ)
weight the contribution of every two CIR measurements based
on the corresponding beams, the considered direction, and the
dominant path of interest. In this paper, we set α (ℓ, l, κ, θ) as
1
(∣∣∣ĥκ (ℓ)∣∣∣ ≥ ~) 1(∣∣∣ĥκ (l)∣∣∣ ≥ ~), where 1 (.) is the indicator
function. ~ is a threshold and can be set to, for example,
ν
∣∣∣ĥ∣∣∣max
κ
, where ν ∈ [0, 1], and
∣∣∣ĥ∣∣∣max
κ
= max
l∈{1,··· ,L}
∣∣∣ĥκ (l)∣∣∣.
We adopt such weight factors since the value of
∣∣∣ĥκ (l)∣∣∣ cannot
be fully trusted when it is too small. On the one hand, the small∣∣∣ĥκ (l)∣∣∣ could be caused by either a low beamforming gain
along θκ or an abrupt blockage of the κ-th dominant path. On
the other hand, a small
∣∣∣ĥκ (l)∣∣∣ is more susceptible to noise and
might not be able to accurately track the variations in |hκ (l)|.
In other words, when either
∣∣∣ĥκ (ℓ)∣∣∣ or ∣∣∣ĥκ (l)∣∣∣ is small, the
variation in the beamforming gain along θκ might not be
the major reason for the variation in
∣∣∣hˆκ (ℓ)∣∣∣/∣∣∣hˆκ (l)∣∣∣, and
applying these
∣∣∣ĥκ (l)∣∣∣’s in AOA estimation could adversely
affect the accuracy. Besides limiting the impact of small∣∣∣ĥκ (l)∣∣∣’s, α (ℓ, l, κ, θ) also allows VAE-CIR to incorporate
prior information. For example, if θκ is known to be within a
direction range Θ˜, we can exploit such information for AOA
estimation by assigning 1 to α (ℓ, l, κ, θ), ∀θ ∈ Θ˜, and 0
otherwise.
Once the updated score sℓκ (θ) is obtained, we update L as
L = L ∪ {ℓ} . (16)
After going through all L CIR measurements, VAE-CIR
outputs the estimated AOA of the κ-th dominant path as
θ̂κ = argmin
θ∈Θ
sLκ (θ) . (17)
VAE-CIR is summarized in Algorithm 1.
Given θ̂κ, we are interested in whether it is an accurate
estimate of θκ. This information is helpful since it enables
us to determine, for example, whether we should collect
more beam-specific measurements to refine θ̂κ. Without noise
and non-resolvable multipath components, θκ should satisfies
Eq. (13). Considering the potential impacts of noise and non-
resolvable multipath components, we propose to determine
if θ̂κ is an accurate estimate of θκ through the following
inequality: ∣∣∣∣∣∣
∣∣∣ĥκ (l)∣∣∣∣∣∣ĥκ (l)∣∣∣ −
∣∣Gl (θ)∣∣∣∣Gl (θ)∣∣
∣∣∣∣∣∣ ≤ ε, (18)
where l= argmax
l∈{L−1,L}
ĥκ (l), l= argmin
l∈{L−1,L}
ĥκ (l), and ε ∈ [0, 1]
is a threshold. We use l and l, instead of L − 1 and L,
in Eq. (18) so that we can employ the same ε no matter∣∣∣ĥκ (L− 1)∣∣∣ ≥ ∣∣∣ĥκ (L)∣∣∣ or ∣∣∣ĥκ (L)∣∣∣ ≥ ∣∣∣ĥκ (L− 1)∣∣∣. The
effectiveness of this criterion will be evaluated in the next
section using simulations.
IV. PERFORMANCE EVALUATION
A. Simulation Setup and Evaluation Methodology
We now evaluate the performance of VAE-CIR based on
beam patterns measured on the Dell D5000 docking station
and the TP-Link Talon AD7200 router, which are off-the-
shelf 60GHz devices with phased array antenna and beam
sweeping implementation. The 32-beam patterns swept by
D5000 docking stations for device discovery and the 35
default beams used by Talon routers are provided in [17]
and [8]. In this evaluation, we process the measurement data
in [17] and [8] so that the highest directional power gain
among all beams of each device is 15dB. Our evaluation
is conducted in a 4 × 3m room. The signal propagation in
this environment follows the model suggested by the IEEE
Task Group ad, which is validated by experimental results
[18]. In this model, signal paths are generated by exploiting
the clustering phenomenon in a 60GHz channel. Specifically,
the first- and second-order reflections are first generated using
ray-tracing techniques [19], and these paths are then blurred
to generate path clusters. For each path identified via ray-
tracing, a path cluster is generated by following the procedure
(Section 3.7) and the parameter settings (Table 10) presented in
[18]. Besides multipath propagation, the received signal is also
affected by an additive Gaussian noise. We assume the CIRs
are extracted from the SSW frames, and thus the preamble
is generated according to the control PHY. Following [9],
the signal is transmitted over a band with center frequency
60.48GHz and bandwidth 1760MHz. We are interested in
the AOAs of dominant paths and thus consider a receive
sector sweep where the transmitter transmits SSW frames
using the same beam pattern while the receiver sweeps over
a set of beams to receive these SSW frames. The STF and
CE field of these SSW frames are generated through Golay
sequences and modulated using π/2-BPSK according to the
802.11ad standard. Once the signal is received at the receiver,
we implement the channel estimation presented in Section II
to extract the beam-specific CIR measurements, which will
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Fig. 4. The considered scenarios and the CIR measured in these scenarios. Black blocks in the figure represent objects which could block
and reflect the mmWave signals. (a) The transmitter locates at [−2, 0]. The receiver locates at [2, 0]. The three objects are characterized by
(0.1, 1, 0.4, 0.2, 0◦, 3.24), (−0.4,−1, 0.6, 0.2, 180◦, 3.24), (0, 1.45, 0.6, 0.1, 0◦, 3.24). (b) The transmitter locates at [−0.6, 1.4]. The
receiver locates at [0.6,−1.4]. The three objects are characterized by (1.8,−0.2, 0.2, 0.6, 0◦, 3.24), (−2,−0.5, 0.2, 0.5, 180◦, 3.24),
(−1.2, 0.8, 0.4, 0.4, 45◦, 3.24). (c-d) The CIR measured in scenario A and B.
be used in VAE-CIR for AOA inference. It should be noted
that the antenna arrays of the transmitter and the receiver are
facing each other in our simulation.
In what follows, we will evaluate the performance of
VAE-CIR based on the two scenarios shown in Figs. 4(a) and
(b) where the transmitter and the receiver are characterized
by their locations. We consider a coordinate system with
the origin at the center of the room. The objects in the
environment are characterized by six-element tuples where
the first two elements record their locations, the next two
elements present their length and width, the fifth element is
their orientation, and the last one is their dielectric constant.
The examples of beam-specific CIRs extracted from these two
scenarios are shown in Figs. 4(c) and (d) where the receiver
uses the 2nd beam measured on the D5000 docking station
for reception and the transmitter adopts a quasi-omni pattern
with a transmit power of 25dBm. The dielectric constant of
the wall is set to 2 [20]. Form Figs. 4(c) and (d), we can
observe 3 peaks in Scenario A and 2 peaks in Scenario B,
which correspond to dominant paths in the environment. We
will take the paths/peaks identified in Figs. 4(c) and (d) as
examples to evaluate the performance of VAE-CIR.
B. Result and Analysis
Fig. 5 compares the probability of correct AOA estimation
of VAE-CIR with those of existing schemes. For effective
comparison, we consider the angular inference schemes in
[4] and [5], which are referred to as “Rice” and “HP” in
Fig. 5. Similar to VAE-CIR, both of these schemes assign
scores to different directions by correlating beam-specific CIR
measurements with the corresponding beams in use and infer
angular information based on the final scores of different
directions. However, unlike VAE-CIR, they exploit absolute
beam-specific CIR measurements, instead of their variations
under different beams, for score updating. Besides, these
two schemes always assign larger score increments to the
directions with higher directional power gain, instead of the
directions offering better match between the variations in CIRs
and the variations in directional gains. For VAE-CIR, the
threshold ~ in α (ℓ, l, κ, θ) is set to ν
∣∣∣ĥ∣∣∣max
κ
, where ν = 0.1
and
∣∣∣ĥ∣∣∣max
κ
= max
l∈{1,··· ,L}
∣∣∣ĥκ (l)∣∣∣. In other words, ∣∣∣ĥκ (l)∣∣∣ will
be used to infer θκ only if
∣∣∣ĥκ (l)∣∣∣ ≥ 0.1 ∣∣∣ĥ∣∣∣max
κ
. For the
“Rice” scheme, the κ-th dominant CIR component is consid-
ered to be detected under the l-th beam if
∣∣∣ĥκ (l)∣∣∣ ≥ µ ∣∣∣ĥ∣∣∣max
κ
[4]. For the “HP” scheme, the five
∣∣∣ĥκ (l)∣∣∣’s with the highest
amplitudes are used for AOA inference and the estimated
AOA is the center of the direction interval spanned by the
five directions with highest final scores [5]. In Fig. 5, the
estimated AOA θ̂κ is considered to be accurate as long as∣∣∣θ̂κ − θκ∣∣∣ ≤ ξ, where θκ is the true AOA of the κ-th path.
In our experiment, the signal is transmitted at a power of
25dBm using the quasi-omni pattern and propagates through
a multipath channel illustrated in Section IV.A. We evaluate
the performance of VAE-CIR by using the beam patterns
measured on different off-the-shelf 802.11ad devices (Dell
D5000 docking station and TP-Link Talon AD7200 router)
as the receiving beam patterns swept by the receiver1. Our
following evaluations are based on those paths identified in
Fig. 4. First, we investigate the performance of VAE-CIR in
Scenario A and B with the beam patterns measured from the
Dell D5000 docking station. In Fig. 5(a) and 5(b), we present
the AOA estimation results for the first dominant paths in
Scenario A and B with −30dBm noise in the channel. In Fig.
5(c) and 5(d), we are interested in the AOA of the third path
in Scenario A and the AOA of the second path in Scenario
B, where the channel noise is set to −40dBm and −45dBm,
respectively. Then, we redo the experiment for the first paths in
Scenario A and B, but, using the beam patterns measured from
the Talon router. The obtained results are shown in Fig. 5(e)
and 5(f) where the noise power is set to −40dBm. From Fig.
5, although the “Rice” and “HP” schemes achieve reasonable
performance in a few cases, they do not performance well
in other cases. In contrast, VAE-CIR can achieve good AOA
estimation results in all these cases, which demonstrates its
effectiveness and the limited impact of nonresovable CIR
1By viewing this receiver-side beam sweeping as the transmitter-side
sweeping, our experiment can also be regarded as an evaluation of the AOD
estimation performance of VAE-CIR [5].
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(b) Scenario B, D5000, 1st path.
2 5
0
0.2
0.4
0.6
0.8
1
Pr
ob
ab
ilit
y 
of
 C
or
re
ct
 A
O
A 
Es
tim
at
io
n
VAE-CIR
Rice, =0.5
Rice, =0.7
HP
(c) Scenario A, D5000, 3rd path.
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(d) Scenario B, D5000, 2nd path.
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(e) Scenario A, Talon, 1st path.
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(f) Scenario B, Talon, 1st path.
Fig. 5. The probability of correct AOA estimation in different scenarios.
components on VAE-CIR. As shown in Fig. 5, the accuracy
of the “Rice” scheme highly depends on the value of µ, and
both the “Rice” and “HP” schemes do not perform well for the
3rd path in Scenario A and the 2nd path in Scenario B. All
of these are resulted from their score updating mechanism.
Based on the values of
∣∣∣ĥκ (l)∣∣∣’s, these schemes determine
whether the corresponding beam patterns should be used for
score increment. For each selected beam pattern, they assign
higher score increment to the direction with higher directional
power gain and thus are likely to output an accurate AOA
estimation if the beams used for score updating have strong
side lobes around the angle of interest. Clearly, if
∣∣∣ĥκ (l)∣∣∣
is small, the l-th beam is unlikely to have strong side lobes
along θκ. In this case, exploiting
∣∣∣ĥκ (l)∣∣∣ and the l-th beam
for score increment would lead to erroneous score increase
along the direction around the strong side lobes of the l-
th beam. This explains why the performance of the “Rice”
scheme degrades with a smaller µ. By examining the beam
patterns of the D5000 docking station, we notice that most of
its beams do not have strong side lobes around the AOAs of
the 3rd path in Scenario A and the 2nd path in Scenario B,
and thus the “Rice” and the “HP” schemes do not assign high
enough score increments to the directions of interest, which
eventually leads to inaccurate AOA estimation. In other words,
since the “Rice” and the “HP” schemes select beam patterns
for score increments based on the absolute values of
∣∣∣ĥκ (l)∣∣∣’s,
which are not closely related to the direction of interest, their
accuracy highly depends on the match between selected beam
patterns and path directions. This observation further validates
VAE-CIR which uses the variations in
∣∣∣ĥκ (l)∣∣∣’s, the quantities
closely related to the direction of interest, for AOA estimation.
Then, we investigate how the performance of VAE-CIR is
affected by the additive noise and the number of beams used
for measurement. Similar to Fig. 5, we assume the signal is
transmitted at 25dBm using the quasi-omni pattern, and θ̂κ is
considered to be accurate as long as
∣∣∣θ̂κ − θκ∣∣∣ ≤ 2. The noise
power is set to the value shown in the legend of Fig. 6. The re-
sults shown in Fig. 6 are obtained based on the 32 beams of the
Dell D5000 docking station. From Fig. 6, the accuracy of AOA
estimation generally improves when more beams are available
for beam-specific CIR collection. With more beam-specific
measurements, we could make more informative decisions and
thus improve the accuracy of the AOA estimation. It can be
observed from Fig. 6 that more accurate angular inference can
be achieved when there is less noise in the channel. Clearly
from Section III, the accuracy of VAE-CIR depends on how
accurately
∣∣∣ĥκ (l)∣∣∣ approximates |hκ (l)|. The derivation in
Section II.B shows that
∣∣∣ĥκ (l)∣∣∣ more accurately approximates
|hκ (l)| when there is less noise in the channel. This explains
why the performance of VAE-CIR improves with noise power
decreasing. The impact of noise also can be shown through
the observation that VAE-CIR achieves different accuracy for
different paths. For example, for the two paths identified in
Fig. 4(d), we can achieve a higher probability of correct AOA
estimation for the 1st path (shown in Fig. 6(b)). From 4(d),
the dominant CIR component corresponding to the 1st path is
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Fig. 6. The probability of correct AOA estimation v.s. additive noise
and the number of beams used for CIR measurement.
much stronger than that corresponding to the 2nd path and thus
is less susceptible to noise, which eventually leads to a higher
probability of correct AOA estimation. This can be further
corroborated by the results in Fig. 7 where we change ν from
0.1 to 0.5 and ĥκ (l) will be used in score updating only when∣∣∣ĥκ (l)∣∣∣ ≥ 0.5 ∣∣∣ĥ∣∣∣max
κ
. In so doing, weak
∣∣∣ĥκ (l)∣∣∣’s significantly
distorted by noise are more likely to be excluded from AOA
estimation, which reduces accumulation of noise effect and
improves the probability of correct AOA estimation as shown
in Fig. 7, particularly when a large number of beam-specific
CIRs are used for angular inference. These observations also
demonstrate the importance of introducing the weight factors
α (ℓ, l, κ, θ)’s to VAE-CIR. It should be noted that a large
ν will not always lead to a better performance since it
might limit the number of CIR measurements exploited for
AOA estimation. As shown in Fig. 6, in this case, we might
not be able to accurately estimate the AOAs due to limited
information. In practice, the value of ν should be carefully
selected. How to choose the optimal ν is out of the scope this
paper and will be left for future work.
Finally, we evaluate if the criterion introduced at the end
of Section III can correctly determine if θ̂κ is an accurate
estimate of θκ. Specifically, we redo the simulation in Fig.
6 with ν = 0.1 and the 32 beams of the D5000 docking
station. Similar to Fig. 6, θ̂κ is considered to be an accurate
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Fig. 7. The probability of correct AOA estimation v.s. weight factors.
TABLE I
THE PERFORMANCE OF THE CRITERION IN EQ. (18)
❳
❳
❳
❳
❳
❳
❳
Path
Metric −45dBm −50dBm
PF PD PF PD
Scenario A, 1st 0% 100% 0% 100%
Scenario A, 2nd 0% 99% 0% 99%
Scenario A, 3rd 2% 100% 1% 100%
Scenario B, 1st 0% 100% 0% 100%
Scenario B, 2nd 8.43% 91.57% 1.06% 98.94%
estimate of θκ if
∣∣∣θ̂κ − θκ∣∣∣ ≤ 2. Each time VAE-CIR outputs
an estimated AOA, θ̂κ, we check if Eq. (18) is valid, with ε
set to 0.3 to account for the potential impact of noise. If the
inequality is valid, the criterion determines θ̂κ to be an accurate
estimate of θκ. The decisions being made is then compared to
the ground truth. The results are shown in Table I where PF is
the percentage that the proposed criterion misclassifies θ̂κ as
an accurate estimate of θκ and PD is the percentage that the
proposed criterion correctly identify θ̂κ as an accurate estimate
of θκ. From Table I, the criterion in Eq. (18) can accurately
determine if θ̂κ is an accurate estimate of θκ. As demonstrated
in Fig. 4(d), the 2nd path in Scenario B is weaker than the
1st path. Hence, for the two paths in Scenario B, the criterion
in Eq. (18) is more susceptible to noise and thus less accurate
when applied to the 2nd path.
V. CONCLUSION
In this paper, we propose an angle estimation scheme,
called VAE-CIR, for 802.11ad devices by exploiting beam-
specific CIR measurements. Unlike existing work, we exploit
the variations between the CIRs measured under different
beams, instead of their absolute values, for angle estimation.
To evaluate the performance of VAE-CIR, we simulate the
beam sweeping operation of 802.11ad devices with beam
patterns measured on off-the-shelf 802.11ad devices and the
ray-tracing based channel generation. Our experimental results
show that VAE-CIR can enable accurate angular inference for
802.11ad devices and demonstrate its superiority to existing
schemes. We expect VAE-CIR to enable various applications,
such as link performance prediction and device tracking, on
802.11ad devices when combined with other proposals for
60GHz networking.
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